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Stimulated Raman Scattering Microscopy 
for Label-Free Chemical Imaging 
Christian W. Freudiger, Wei Min, Brian G. Saar and X. Sunney Xie

W e recently developed a multipho-
ton imaging technique, stimu-

lated Raman scattering (SRS) micros-
copy, which allows chemical imaging of 
biological samples without the need for 
staining or fl uorescent labeling.1 Such 
label-free imaging is desirable in bio-
medical research, because labeling often 
perturbs the function of small metabo-
lites and drug molecules and may be too 
toxic to use in vivo. 

� e contrast of the technique 
originates from molecular vibrational 
frequencies intrinsic to specifi c chemical 
compounds. Imaging based on vibra-
tional spectroscopy has traditionally 
relied on infrared absorption or spon-
taneous Raman scattering, which have 
limited utility for biomedical imaging 
because of low spatial resolution and 
slow imaging speed, respectively. In 
SRS, however, the Raman signal is en-
hanced by orders of magnitude by virtue 
of the stimulated excitation of molecular 
vibrational transitions, allowing for fast 
image acquisition. As in multiphoton-
excited fl uorescence, the nonlinear 
intensity dependence of SRS also allows 
intrinsic 3-D sectioning capability. 

Although Ploetz et al.2 reported SRS 
microscopy, the high peak power lasers 
and low sensitivity used were incompat-
ible with biological applications. We 
developed a diff erent approach: Instead 
of boosting the nonlinear signal by using 
very high peak powers, we implemented 
a high-frequency phase-sensitive detec-
tion scheme to extract the week SRS 
signal that would otherwise be buried 
in laser noise of orders of magnitude 
higher amplitude.3 � is approach allows 
for superb sensitivity at biocompatible 
excitation power levels.

Unlike coherent anti-Stokes Raman 
scattering,4 SRS microscopy does not 
suff er from an unwanted nonresonant 
background signal that limits sensitivity, 

distorts vibrational spectra and intro-
duces imaging artifacts. As such, SRS 
is no longer limited to imaging only the 
strongest Raman bands; it allows access 
to vibrations in the crowded fi ngerprint 
region of Raman spectra. � e SRS 
signal is also linear in analyte concen-
tration and free from complications 
related to phase-matching conditions. 
� is allows for a more easily interpreted 
image contrast and makes coherent 
Raman imaging more accessible to the 
broader biomedical community.

We have demonstrated a variety 
of biomedical applications, includ-
ing following the uptake of omega-3 
fatty acids by living cancer cells and 
monitoring the transdermal delivery 
of topically applied drugs into mouse 
skin.1 � e fi gure shows SRS images of 
retinoic acid and dimethyl sulfoxide. 
We visualized that the diff erent com-
pounds followed distinct penetration 
pathways into the skin, highlighting the 

Label-free imaging of drug delivery. Lateral pro� le in mouse skin of (a) topically applied 
retinoic acid (RA) and (b) dimethyl sulfoxide (DMSO). Images were acquired with SRS 
microscopy tuned into the Raman shifts (c) of RA at 1570 cm-1 (blue) and DMSO at 670 cm-1 
(green). Skin structures are highlighted by tuning into the CH2 stretching vibration of typical 
skin lipids at 2845 cm-1 (red). The hydrophobic RA penetrates through the lipid-rich intercel-
lular space of the stratum corneum in (a), while the hydrophilic DMSO avoids lipid-rich skin 
structures such as the adipocytes in the subcutaneous fat layer (b).

potential of SRS microscopy to study 
pharamacokinetics.

� e strongest SRS signals in bio-
logical samples originate from CH2 
stretching vibration of lipids. � ey can 
be utilized for rapid imaging of tissue 
morphology without staining.5 As such, 
coherent Raman imaging can be used 
for in vivo virtual histology of fresh and 
unfi xed tissue and for distinguishing 
healthy tissue from diseased or tumor-
ous tissue. � is will allow for minimally 
invasive optical biopsies. 
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(a) Energy diagram of CARS. (b) Schematic of proposed instrument. (c) Raman spectra of DNA 
and RNA phosphodiester vibrational modes. (d) Predicted autocorrelation signals from instru-
ment with pulses designed to coherently excite vibrational modes from DNA. 

RAMAN SPECTROSCOPY

Design of Matched Optical Pulses for 
Coherent Raman Imaging
Joseph B. Geddes III, Daniel L. Marks and Stephen A. Boppart

One objective of nonlinear mi-
croscopy is to image endogenous 

properties of samples, particularly bio-
logical ones. Coherent anti-Stokes Raman 
scattering (CARS) can provide informa-
tion on the Raman spectrum of a sample 
at greater signal strength than incoherent 
Raman scattering. Scientists have invented 
methods to map the presence of molecules 
at one vibrational frequency and over a 
bandwidth of such frequencies.1,2 

� e techniques expose the sample to two 
or more narrowband optical pulses whose car-
rier frequencies diff er by the frequency of the 
vibrational mode to be probed (or one double-
chirped pulse of suffi  cient bandwidth). By 
varying the gap in carrier frequencies, and the 
location of the focus of the pulse beams, we can 
map the sample’s Raman spectrum. Nonlinear 
interferometric vibrational imaging allows the 
Raman spectrum to be recovered without tun-
ing the carrier frequencies of the pulses.2

� e complexity of biological tissue 
poses a problem. With so many chemical 
species present, the fi ngerprint spectral 
region is crowded, and it can be diffi  cult 
to determine what combination of species 
gives rise to a spectrum. Moreover, signal 
nonspecifi c to the vibrational modes of the 
molecules in the sample—which originates 
from electronic four-wave mixing processes 
(often called nonresonant CARS)—can 
overwhelm the resonant signal. 

Typically optical pulses are used to 
induce CARS and then infer the presence 
of a certain species among the plurality of 
those present in the sample. Instead, using a 
priori knowledge of the Raman spectrum of 
a certain species, we designed shaped optical 
pulses to generate a large CARS signal from 
a chemical of interest, while only generating 
a small or no signal from others.3,4 

� e idea was to use a single broad-
band optical pulse to excite all vibrational 
modes of the molecules in the sample 
over a given bandwidth. But the pulse was 
conceived so that only a subset of modes 

would generate CARS signals that interfere 
constructively at a detector. � e signals 
from other modes will interfere destruc-
tively and produce a much weaker signal. 
� e subset can correspond, for example, to 
the vibrational modes of a single chemical 
species. Moreover, pulse shaping leads to 
a longer duration, reducing nonresonant 
background signal. We shape the pulse so 
that its intensity envelope approximates the 
matched fi lter of that susceptibility.

Although an analogue of the matched 
fi lter concept has been applied to CARS 
in the frequency domain,5 our pulse 
design algorithm explicitly constructs 
an approximation to the matched fi lter of 
a given third-order nonlinear susceptibility 
in the time domain, subject to constraints 
of fi nite time support and realizability given 
an initial laser pulse spectrum. We also 
propose a heterodyne detection method to 
further increase the instrument’s sensitiv-
ity. A reference pulse is specifi cally shaped 
to have the form of the emitted CARS 
signal of a chemical species. � e peak of the 
photodiode response used to detect the 

combined sample and reference signals 
will then be found when the relative time 
delay between the sample and reference 
arms is adjusted to zero.

We performed a calculation to pre-
dict the output of the instrument in 
distinguishing DNA and RNA based on 
slight diff erences in the vibrational stretch 
frequencies of their phosphodiester back-
bones. We used our algorithm to design a 
pulse to coherently excite stretch vibrations 
of the DNA backbone. � e spectra of the 
vibrations modeled were similar. Neverthe-
less, the autocorrelation signal predicted 
from DNA was more than 10 times that of 
RNA. Hence, even closely related biochemi-
cal species could be distinguished. 
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